D
arwinian positive selection favoring new alleles drives adaptive evolution and thus is of paramount importance (1) . However, positive selection always acts over the background of pervasive negative selection, which maintains status quo (2) . Even at the simplest level of DNA and protein sequences, disentangling the two remains a major challenge.
Because positive selection promotes change, a variety of methods seek to detect it from a higher rate of evolution, relative to that of selectively neutral sites (3) . In particular, positive selection for nonsynonymous substitutions may lead to d N Ͼ d S , where d N and d S are per-site rates of nonsynonymous and synonymous substitutions, respectively, so long as synonymous nucleotide substitutions are approximately neutral. However, there are a number of problems with this approach.
Indeed, positive selection is usually less common than negative selection and acts only on some sites during only some intervals of evolutionary time. Thus, if we consider the whole protein-coding gene, d N Ͻ d S in a majority of cases (4) . The problem can be alleviated if a large number of orthologous genes are compared, which makes it possible to attribute a specific value of d N to each codon site individually (5) . Then, positive selection at one or several adjacent codons can be detected through a locally elevated d N , even if negative selection is more common in the whole protein. Still, even at an individual codon site, positive selection does not necessarily act throughout the whole phylogeny of a set of species. Thus, it is preferable to look for lineage-specific episodes of elevated d N , which can lead to detection of the corresponding episodes of positive selection at the site, even if this site was under negative selection for most of its evolutionary history. The locations, on the phylogenetic tree, of these episodes of positive selection can either be assumed a priori (6, 7) or derived from the pattern of substitutions on the tree (8) .
Data on within-population variability can also be used. Positive selection may be inferred not only when d N /d S Ͼ 1, but also when d N /d S Ͼ p N /p S , where p N and p S are the levels of nonsynonymous and synonymous polymorphism (McDonald-Kreitman test; refs. 9 and 10). Indeed, p N /p S may reveal the fraction of sites under negative selection, and using this ratio facilitates detection of positive selection, so long as p N /p S Ͻ 1. However, the sensitivity of the McDonald-Kreitman test declines if, at a substantial fraction of sites, negative selection is strong enough to prevent fixations of nonsynonymous mutations but is still insufficient to suppress nonsynonymous polymorphism (10) . Also, because levels of polymorphism at individual sites are subject to strong random drift, the McDonald-Kreitman test has so far been applied only to large classes of sites.
We pursue a different approach to detecting positive selection, which does not rely on a high d N /d S ratio. According to the structure of the genetic code, replacing amino acid X with amino acid Z often requires two or even three nonsynonymous substitutions, because, in only 75 out of 190 unordered amino acid pairs, the members can be converted into each other by only a single nucleotide substitution. Thus, when positive selection favors a particular amino acid replacement, in a large fraction of cases, a burst of two or three successive nucleotide substitutions should occur, even if most of the time the site evolves slowly because of negative selection. The idea that bursts of nonsynonymous substitutions can be a signature of positive selection has been proposed by Gillespie (11) .
Comparison of rat, mouse, and human orthologous proteins demonstrated that, at codons where rat and mouse differ by two nonsynonymous substitutions, both substitutions tend to occur after the rat-mouse divergence in the same lineage, either rat or mouse (12) . This result indicates that bursts of successive nonsynonymous substitutions are common. However, because rat and mouse are tightly related to each other, codons at which they differ by two nucleotide substitutions are rare and must mostly come from the subset of generally rapidly evolving codons.
Here, we analyze the evolution of four genes of HIV-1 by using sets of hundreds of genomes. Different HIV-1 lineages, represented by these genomes, evolved essentially independently of each other. These data make it possible to look for bursts of nonsynonymous substitutions at both rapidly evolving and slowly evolving codon sites.
Results
Phylogenetic trees of 343, 218, 193, and 674 full-length sequences of env, gag, pol, and nef genes from HIV-1 genomes are presented in supporting information (SI) Figs. 5-8. These trees were constructed by using the data on all substitutions. However, to analyze the distribution of nonsynonymous substitutions relative to that of synonymous substitutions, we expressed the lengths of edges of the already constructed trees in the units of synonymous substitutions per codon. Table 1 presents some characteristics of these trees. Nonsynonymous and synonymous substitutions are not distributed uniformly over any of the four trees (SI Figs. 5-9 ). Instead, when we approach the leaves of a tree, nonsynonymous substitutions tend to become relatively more common, which is consistent with weak negative selection against a large fraction of nonsynonymous substitutions (18) .
Let us now consider how nonsynonymous substitutions are distributed relative to each other. A nonsynonymous substitution is more likely to have a descendant nonsynonymous substitution at the same codon, located between it and one or more of the leaves of the tree, than what is expected if the same number of nonsynonymous substitutions at the codon were distributed over the tree independently. In contrast, the probability of having a synonymous descendant for a synonymous substitution is much closer to the random expectation ( Table 2 ; Fig. 2 ).
Because we cannot detect multiple substitutions that occurred at the same nucleotide site within an edge of a tree, all 1,394 pairs of nonsynonymous substitutions detected in env gene within the same edge occurred at different sites. Among the 7,424 observed pairs of successive nonsynonymous substitutions that occurred in different edges in env, 2,932 (39%) were amino acid reversals, 686 (9%) were nonreversing substitutions at the same nucleotide site, and 1,903 (26%) were nonreversing substitutions affecting different nucleotide sites of the same codon. For the remaining substitutions, categorization was ambiguous, because of intervening synonymous substitutions or multiple nonsynonymous substitutions within an edge. Similar patterns were observed for the other three genes.
In addition to the excess of pairs of successive substitutions (Table 2) , nonsynonymous substitutions also display 1.5-to 3-fold reduced distances between the members of a pair relative to the expectation for independent substitutions and to the distances between successive synonymous substitutions. In contrast, the average distance between successive synonymous substitutions was within 20% of that predicted in a simulation that assumed independence (Table 3) . Substitutions in pairs were similarly clumped, even if we excluded from the analysis the pairs of substitutions that occurred in the same edge (Table 3) .
Temporal clumping of successive nonsynonymous substitutions is strongest at highly conservative codons with the smallest total number of nonsynonymous substitutions (Table 3 ; Fig. 3 ). For example, in the most conserved sites of env (with 10 or fewer nonsynonymous substitutions on the whole tree), the distance within a pair of nonsynonymous substitutions is more than three times shorter than in simulations ( Table 3 ). The distance between successive nonsynonymous substitutions is similarly reduced when they occurred at the same nucleotide site and at different nucleotide sites within the same codon (Table 3) . For same-nucleotide site pairs of substitutions, distance was similarly reduced when the second substitution was a reversal of the first one, and when it was not.
For pairs of substitutions at different nucleotide sites, distance was similarly reduced when the second substitution was progressive, i.e., when it created a new amino acid unreachable by a singlenucleotide substitution from the original amino acid, and when it was not progressive ( Table 3) . We analyzed separately all pairs of progressive substitutions with high (Ͼ8) directedness index, i.e., those consisting of a very conservative substitution followed by a radical substitution, namely: Leu3Ile3Thr, Ile3Leu3Gln, Ile3Leu3Pro, Ile3Leu3Ser, Leu3Ile3Lys, Leu3Ile3Ser, Met3Ile3Asn, and Lys3Arg3Gly. Within such pairs, the average evolutionary distance was 5.74, whereas 5.93 was observed in all pairs of progressive substitutions, and 11.60 was obtained in simulation of independent substitutions. Therefore, clumping is strongest in pairs with a high-directedness index.
To study the possible impact of the mutational biases (SI Supporting Text) on the observed clumping, we examine the cor- relation of the distance between the two successive substitutions of given type (synonymous or nonsynonymous) with the opportunity for a substitution of this type at the codon created by the first substitution. These correlations are very weak (Spearman R 2 Յ 0.02; SI Fig. 10 ), which argues against a mutational explanation of the clumping. Tables 4-7) .
At conservative sites with d N /d S Ͻ 1, some clumping of nonsynonymous substitutions can be caused by alternating episodes of strong negative selection and of neutral evolution (12) . This effect can be substantial when the characteristic length of the episodes of neutral evolution is Ϸ10 times smaller than the average distance of Evolutionary distances and edge lengths are presented as average numbers of synonymous substitutions per 100 codons. The presented numbers were obtained by first calculating the average distance for sites with a particular number of substitutions and then by averaging these averages for all numbers of substitutions at a site. The values obtained in simulations of independent substitutions are given in parentheses. Pairs of substitutions within one edge, which often could not be classified unambiguously, were excluded from the classification of pairs by their direction. Nonsyn., nonsynonomous; syn., synonomous.
a leaf of the tree from its root; still, for no parameters can this effect explain the observed extent of clumping (SI Fig. 11 ). In contrast, if evolution during postulated episodes of absent negative selection proceeds much faster than neutrally, the observed clumping can be obtained for some sets of parameter values (SI Fig. 12 ).
Within nonreversing pairs of nonsynonymous substitutions, the first and the second substitutions can have different effects on the chemical properties of the amino acid. In most cases, the amino acid encoded after the second substitution deviates chemically from the original amino acid more than the amino acid encoded after the first substitution. Among nonreversing pairs of nonsynonymous substitutions, this pattern is observed for 56% of pairs of substitutions at the same nucleotide site, for 71% of pairs of nonprogressive substitutions at different sites, and for 69% of pairs of progressive substitutions at different sites (SI Figs. 13-16 ). The patterns in the strongly clumped and all other pairs of substitutions are similar.
Discussion
We analyzed the evolution of HIV-1 lineages that correspond to viral populations living in different infected individuals. The effective size of an intraindividual population of HIV-1 is only 10 3 or 10 4 , and HIV-1 transmission between individuals involves severe bottlenecks (20, 21) . Thus, allele substitutions within HIV-1 lineages must occur very rapidly and essentially independently of slow processes that affect the whole metapopulation of HIV-1.
Our analysis reveals a contrast between the dynamics of synonymous vs. nonsynonymous substitutions in the evolution of HIV-1. Although synonymous substitutions occur more or less independently of each other, successive nonsynonymous substitutions are clumped on the phylogenetic trees (Figs. 2 and 3 ). This clumping is not an artifact of phylogenetic reconstruction and is robust to the choice of a particular tree among the highly parsimonious trees and to the method of reconstruction of the states in the internal nodes (data not shown). Clumping is also not a result of mutational events (or an artifact of sequencing errors) affecting several adjacent nucleotides, because even pairs of successive nonsynonymous substitutions that occurred in different edges of the tree are strongly clumped.
Further, clumping cannot be an artifact of our approach to inferring the timing of individual substitutions. If two or more substitutions occurred at the same nucleotide site between two adjacent nodes, we observe at most only a single-nucleotide difference. Therefore, some substitutions closely following each other must have been missed, inflating the average distance between pairs of successive substitutions. This limitation of our analysis certainly cannot lead to artifactual clumping. Also, when only pairs of substitutions at different nucleotide sites were considered, clumping remained equally strong (Table 3) .
Therefore, nonsynonymous substitutions in the evolution of HIV-1 do tend to occur in bursts. Some of these bursts may consist of three or perhaps of even a larger number of successive substitutions. However, the phylogenies of HIV-1 are rather shallow, and the number of nonsynonymous substitutions on the path from the root of a tree to its leaf exceeds two for a substantial fraction of leaves only at very rapidly evolving sites (Fig. 2) . Thus, our analysis was limited to only pairs of successive substitutions. A twosubstitution burst occurs when the first substitution somehow facilitates the second one.
A feasible mechanism of such facilitation is the increase, by the first substitution, of the general propensity for nonsynonymous mutations at the codon site. Indeed, different codons have different opportunities for nonsynonymous mutations, because of the structure of the genetic code and the peculiarities of the mutational substitution matrix. However, these differences do not explain the observed clumping, because the waiting time for the second substitution is essentially independent of the opportunity for nonsynonymous mutation created by the first substitution (SI Fig. 10 ). The observed clumping of nonsynonymous substitutions is also not because of alternating episodes of neutral evolution and negative selection (SI Fig. 11 ). Therefore, we cannot explain the data without invoking positive selection favoring at least the second nonsynonymous substitution in a pair. Three causes of such positive selection are feasible.
One possibility is positive selection favoring the second substitution, which is the reversal of a slightly deleterious first substitution. HIV-1 must be prone to fixation of slightly deleterious mutations because of low effective population size and frequent bottlenecks (20, 21) . Indeed, amino acid reversals constitute almost half of all the pairs of successive nonsynonymous substitutions and thus make a large contribution to the observed clumping. Still, reversals are not exclusively responsible for it; the average distance within pairs of successive substitutions such that the second substitution reverses the first one is very close to that within other types of pairs of substitutions (Table 3) .
Even in some pairs where the second substitution leads to a new amino acid, this substitution could be favored because it reverses the deleterious effect of the first substitution. If so, we should generally expect that the final amino acid is more similar in its properties to the original than to the intermediate amino acid. However, such pairs of ''imperfectly reversing'' substitutions constitute only a minority of all pairs of nonsynonymous substitutions and do not display an elevated level of clumping (SI Figs. 13-16 ). In fact, clumping is the strongest in pairs with high directedness, when the second (radical) substitution (e.g., Ile3Lys) can hardly be even an imperfect reversal of the first (conservative) substitution (e.g., Leu3Ile). Therefore, positive selection for the second nonsynonymous substitution within a pair cannot always be due to exact or imperfect reversals of the first substitution. Instead, selection must often favor a deviation of the properties of the final from the properties of the original amino acid and thus must lead to adaptive evolution. Still, there may be two substantially different mechanisms of such selection.
First, the fitness landscape of a codon site can undergo repeated changes within some time intervals in the evolution of HIV-1 while remaining constant outside these intervals. Indeed, occasional episodes of continuing positive selection can explain the clumping we observe, so long as these episodes are neither too short nor too long, and d N /d S is at least Ϸ4 in the course of an episode (SI Fig.  12 ). This mechanism has been assumed by Guindon et al. (8) in their analysis of selection acting on env.
Alternatively, a pair of successive nonsynonymous substitutions can be triggered by a single instantaneous change of the fitness landscape. This is unavoidable if reaching the new optimal amino acid requires two (or even three) nonsynonymous substitutions in the codon that encoded the old optimal amino acid. Then, clumping of successive substitutions occurs because at least the last of them, which results in fixation of the new optimal amino acid, is favored by positive selection.
Gillespie (11) argued that a change in the fitness landscape should often lead to a burst of selection-driven amino acid replacements within a protein, which strives to reach a new fitness peak. His arguments, based on the properties of the extreme value distribution, can be applied equally to nonsynonymous substitutions both at the same and at different codons. However, data on mammals (see supporting information figure 1 in ref. 12 ) and on HIV-1 (not reported) show that clumping is much stronger within than among codons. Thus, within-codon clumping, if caused by isolated changes of the fitness landscape, must be primarily due to the structure of the genetic code.
In fact, reaching the new optimal amino acid can involve multiple nonsynonymous substitution even when the genetic code does not dictate this, so long as the evolving lineage does not follow the shortest path to the new fitness maximum. Redundant multiple substitutions could be common in HIV-1 because of its low effective population size (21, 22) , so that the best substitution may not be the first one to get fixed, because of the temporary unavailability of the corresponding mutation. Clumping in pairs of successive nonsynonymous substitutions is approximately the same when the final amino acid can and cannot be reached through a single nonsynonymous substitution (Table 3) .
Distinguishing between repeated and isolated changes of the fitness landscape as the cause of bursts of nonsynonymous substitutions would require phylogenies that contain numerous long chains of successive nonsynonymous substitutions. Perhaps the simpler assumption of isolated changes (11) should be regarded as more parsimonious. In any case, it appears that positive selection must be operating at least on the second substitution in the majority of clumped pairs.
Clumping of nonsynonymous substitutions is strongest at the most conservative codon sites, where the total number of nonsynonymous substitutions is the lowest. Thus, the relative role of positive selection in the evolution of conservative amino acids appear to be high and may approach Ϸ10%. This is not surprising; replacements of a conservative amino acid can seldom be selectively neutral, and a large fraction of replacements that become fixed must be beneficial. Although conventional approaches consistently (14) detect positive selection only at codon sites with high rates of nonsynonymous evolution (Fig. 4 A and B) , isolated clumps of nonsynonymous substitutions reveal a previously undescribed class of generally conservative sites in HIV-1 proteins that occasionally evolve under positive selection ( Fig. 4C ; SI Tables 4-7) .
Materials and Methods
Sequences and Phylogenies. Alignments of nucleotide sequences of all full-length env, gag, pol, and nef protein-coding regions from HIV-1 genomes of subtypes A-H were taken from the 2003 Los Alamos National Laboratory HIV-1 sequence database (23) . Sequences known to be recombinant, known contaminants, and sequences containing premature stop codons and ambiguities were removed. For each gene, a maximally parsimonious tree was constructed by PAUP by using whole-length sequences of coding regions. The obtained trees were rooted by using the consensus of consensus sequences for each subtype (24) . Trees were then rescaled, and the length of each edge was taken to be the per-codon number of synonymous substitutions within the edge. The resulting trees are available in NEXUS format as SI Data Sets 1-4. Regions of overlapping reading frames were excluded from the subsequent analyses. The analysis was performed by using a set of Bioperlbased (25) scripts, which are available upon request.
Analysis of Nucleotide Substitutions. We used maximum parsimony to reconstruct the states of the codons at all internal nodes within each tree. Then, for each codon, we inferred the edges of the tree at which each single-nucleotide substitution occurred, as follows. If a pair of successive nodes within a tree differed at one nucleotide site, we assumed that exactly one substitution occurred on the edge connecting these nodes. If the codons at successive nodes differed at more than one nucleotide site, the numbers of synonymous and nonsynonymous substitutions were averaged over all possible orders of substitution events. For each codon, we estimated the number of nonsynonymous substitutions and the number of synonymous substitutions on the whole tree.
We treated synonymous and nonsynonymous substitutions separately, so that synonymous substitutions were ignored when nonsynonymous substitutions were considered and vice versa. If successive substitutions occurred along the path from the tree root to a leaf, for each substitution A, except the first one, the preceding substitution AЈ at the same codon site can be uniquely determined. We assume that two substitutions at a codon site form a pair if there is a path from the root of the tree to at least one of the leaves, such that both the substitutions belong to this path, and there are no other substitutions between them. In particular, two substitutions that occurred at the same codon site on the same edge, revealed by the codons at two successive nodes differing from each other at two nucleotide sites, always constitute a pair. In such an ordered pair (AЈ, A) of successive substitutions, substitution AЈ is ''ancestral,'' and substitution A is ''descendant.'' Substitutions AЈ and A can occur either at the same nucleotide site or at different nucleotide sites of the codon site.
Successive nonsynonymous substitutions at the same nucleotide site constitute a reversal if the second substitution A restores the amino acid encoded before the first substitution AЈ. We estimate the distance l between AЈ and A as the sum of the lengths of edges between them, assuming that substitutions occur at the middles of edges. If AЈ and A occurred within the same edge, l ϭ 0 for them. For each codon site, we calculated the distances within the pairs of successive synonymous and nonsynonymous substitutions and compared them with the distances obtained in simulated evolution for the same total number of substitutions on the phylogeny (see below). We considered substitutions within a codon to be ''strongly clumped'' if the average distance within their pairs was more than two times smaller than the distance obtained in simulation.
Simulations of Sequence Evolution. To calculate the expected numbers of pairs of successive substitutions at a codon site and the distance between substitutions in such pairs, we simulated independent occurrence of the same number of substitutions at a codon site. Each edge of the tree got a weight corresponding to the product of its length and the gene-specific a priori probability of substitution at corresponding distance from the tree root, obtained from the observed distribution of substitutions at different distances from the tree root (SI Fig. 9 ). Simulations were performed separately for each codon site in each gene. First, we counted the total number of substitutions of particular type (synonymous or nonsynonymous) at the given codon on the phylogenetic tree. Next, in each of the 1,000 trials, we distributed the same number of events randomly over the edges of the actual phylogenetic tree with the calculated edgespecific weights. We then counted the numbers of pairs and distances within pairs of successive substitutions in simulation.
Alternating Episodes of Negative Selection and Neutrality. As in ref. 12 , we assumed that negative selection at a codon site switches off and on at random moments. The expected waiting times (in the units of tree height) for off-to-on and on-to-off switches are T and bT, respectively. Thus, negative selection is present with probability of b/(1ϩb). Assuming that the synonymous substitutions are neutral, which is consistent with the lack of their clumping ( Figs. 2 and  3 ), the fraction of the tree evolving without negative selection equals the observed ratio of nonsynonymous to synonymous substitution rates per site r, and b ϭ 1/rϪ1. We performed 10,000 Monte Carlo runs for each combination of parameters by using the actual phylogenetic tree and the site-specific r values (only sites with r Ͻ 1 were simulated). The negative selection was off at the root of the phylogenetic tree with probability 1/(1ϩb) and on with probability b/(1ϩb). Switches of negative selection then occurred in different branches of the tree independently. Substitutions occurred only during the periods of absent negative selection, with the instantaneous per-site rate corresponding to the observed mean rate of synonymous substitutions, c. We then estimated the average distance between the successive substitutions as described above.
Alternating Episodes of Negative and Positive Selection. We assumed that the only observable impact of positive selection is the increase in the rate of nonsynonymous substitutions. Thus, this situation was modeled analogously to alternating episodes of negative selection and neutrality, except that during the periods of absent negative selection, substitutions occurred with the rate Նc, so that b ϭ /rϪ1. 
